Rationale In rodents, prolonged maternal separation has been used as a model of developmentally early environmental stress to influence adult drug intake. Objectives The aim of the present study was to evaluate the long-term effects of prolonged maternal separation on alcohol consumption using two different self-administration procedures in mice: operant alcohol self-administration vs. three-bottle choice.
abuse of addictive substances (Koob and Kreek 2007; Sinha 2001) . Several studies show a positive association between stress and increased alcohol-seeking and alcohol intake in alcoholics and social drinkers (Dawson et al. 2005; Kaufman et al. 2007; Linsky et al. 1985) . However, attempts to model the effects of stress on alcohol intake in animals have yielded varying outcomes, which include both increased consumption and preference, as well as suppression of alcohol intake (Bowers et al. 1997; Chester et al. 2004; Lynch et al. 1999; Overstreet et al. 2007; Volpicelli et al. 1986 ). For example, restraint stress in rats (Bowers et al. 1997; Overstreet et al. 2007 ) and repeated social defeat stress in mice (Croft et al. 2005) were reported to produce increases in alcohol intake. On the other hand, rats exposed to social defeat stress presented a transient suppression of alcohol intake, as well as a reduced rate of alcohol reinforcements . In a recent study, repeated swim stress decreased alcohol intake in mice in a straindependent manner (Boyce-Rustay et al. 2008) .
Some of the critical aspects to consider when analyzing the effects of stress on drug intake are the nature and characteristics of the stressor (Miczek et al. 2008; Pacak and Palkovits 2001) . Each type of stressor (i.e., social defeat, foot shock, maternal separation, restraint, immobilization, sleep deprivation, etc.) presents its own behavioral and physiological profile and may produce different outcomes (Miczek et al. 2008; Meaney 2001; Miczek et al. 2004; Sinha 2001) . Repeated maternal separation has been considered one of the most powerful stressors for an infant (Levine 1967; Levine 2001; Wigger and Neumann 1999) , producing long-lasting neural and behavioral consequences, including an increased vulnerability to alcohol and drug abuse in adulthood (Gilmer and McKinney 2003; Moffett et al. 2007; Sanchez et al. 2001) .
In rodents, maternal separation typically involves the daily removal of litters from the dams during the first 2 weeks of life, which corresponds to the "stress hyporesponsive period" of the pups (Levine 1957; Levine 1967; Plotsky and Meaney 1993) . During this period, adequate maternal care is essential for the longterm regulation of the hypothalamic-pituitary-adrenal (HPA) axis and stress responses (see Levine 2005) . A critical feature of repeated maternal separation pertains to the precise duration of the periods of separation (Levine 1957; Moffett et al. 2007; Plotsky and Meaney 1993) . Short (i.e., 15 min/day) and prolonged (i.e., 180 or 360 min/day) separations may result in opposite outcomes in adulthood (Huot et al. 2001; Kawakami et al. 2007; Kikusui et al. 2005) . In general, prolonged vs. short maternal separation are associated with hyperactivity vs. hypoactivity of the HPA axis and stress responses, respectively (Huot et al. 2001; Levine 1967; Meerlo et al. 1999; Plotsky and Meaney 1993) .
In male rats, prolonged maternal separation can induce higher levels of alcohol consumption in adulthood (Huot et al. 2001; Ploj et al. 2003; . Huot et al. (2001) reported that rats that were separated from their dams for 180 min/day (MS180) drank significantly more of an 8% alcohol/2.5% sucrose solution relative to those separated for 15 min/day (MS15) or the animal facility rearing (AFR) controls. MS180 rats consumed significant amounts of alcohol (4-5 g/kg/day, compared to less than 1 g/kg/day for AFR or MS15), and showed a reduced preference for the plain 2.5% sucrose solution in favor of the alcohol/sucrose solution (Huot et al. 2001) . Additionally, Ploj et al. (2003) reported that MS rats (360 min separation from postnatal days 1-21) consumed more of a nonsweetened 8% ethanol solution when compared with MS15 or AFR rats. However, these effects may be gender-dependent (for example, female MS180 or MS360 rats do not show reliable increases in alcohol consumption), concentration-dependent (i.e., effect is usually more pronounced with solutions of increased alcohol concentrations); and time-dependent (e.g., Gustafsson et al. 2005; Gustafsson et al. 2007; Gustafsson and Nylander 2006; Marmendal et al. 2004; Roman et al. 2004; .
The effects of maternal separation on alcohol intake have been mostly studied in rats, usually implementing 24-h access procedures to two-to-four bottles containing different concentrations of alcohol. The maternal separation procedure has been validated in mice (e.g., Parfitt et al. 2004; Romeo et al. 2003) and it was also shown to affect psychomotor responses to drugs, such as cocaine (Kikusui et al. 2005) , or alcohol (Kawakami et al. 2007) . In contrast to some evidence from rats, maternal separation did not significantly affect alcohol intake in C57BL/6J mice, using a two-bottle choice method (Advani et al. 2007) . Further investigation of maternal separation stress in mice, as well as the implementation of different procedures for assessing motivational as well as consummatory aspects of alcohol intake would be instructive.
The aim of the present study was to evaluate the longterm effects of repeated prolonged maternal separation (MS180) on alcohol consumption using two different selfadministration procedures in outbred mice: operant alcohol self-administration vs. three-bottle choice. In the present experiment, we used litters under standard animal facility conditions (AFR) to facilitate the comparison with other studies. Neither food nor fluid restrictions were implemented during the three-bottle choice or operant selfadministration of alcohol in order to reduce the impact of additional sources of stress.
Materials and methods

Animals
Twelve breeding pairs of CFW mice were obtained from Charles River Breeding Labs (Wilmington, MA, USA). Breeding pairs were housed in clear polycarbonate cages (28×17×14 cm 3 ) lined with pine shavings. Purina rodent chow and tap water were freely available through a stainless steel wire lid that covered the cage. The vivarium was maintained at 21±1°C, humidity 30-40%. A 12-h light/ dark photocycle was used with lights off at 0700 hours. The procedures followed the "Principles of Laboratory Animal Care" (NIH publication no. 86-23, 1996) and were approved by the Institutional Care and Use Committee (IACUC) of Tufts University.
Maternal separation
Pair-housed females were checked twice a day for newborn litters. The day of birth was considered to be postnatal day 0 (PND 0). On PND 1, litters were culled to ten pups to standardize litter size and to reduce some of the variability between litters. Half of the litters were removed from their nest for 3 h/day from PND 1 to PND 14 (between 0900 and 1400 hours; maternal separation, MS; n=14 litters). During the maternal separation procedure, each litter was placed into a separate plastic container containing a layer of nest shavings. The containers were placed atop a heating pad set at nest temperature (32-34°C) to prevent any additional stress due to hypothermia. After 3 h, litters were placed back into the nest and reunited with their parents. AFR animals were used as controls (n=14 litters). AFR pups were also culled to ten pups per litter and were only handled during cage cleaning once a week. Each original breeding pair of mice contributed with two or three litters to the study. If their first litter went through the MS procedure, the second litter would go through the AFR control procedure, and vice versa. On PND 21, litters were weaned. The females were removed and littermate males were housed in groups of five to six in large clear polycarbonate cages (46×24×15 cm 3 ). On PND 55, mice were individually housed in clear polycarbonate cages (28 × 17 × 14 cm 3 ). On PND 60, they were assigned either to the three-bottle choice experiment or to an operant alcohol selfadministration procedure (see scheme in Fig. 1 ). For each experimental procedure, different animals were used. Each litter contributed with one to two individuals for each separate experiment or group.
Three-bottle choice procedure On PND 60, MS (n=10) and AFR (n=10) mice were allowed 24 h access to three 50-mL acrylic bottles fitted with stainless steel sipper tubes with ball-valve nipples to minimize spillage. The three bottles contained 0.05% saccharin, which was used as vehicle for the ethanol solutions. The next 2 days (PND 61-62), the access to these bottles was restricted to 2 h/day, while the regular water bottle was available for the remaining 22 h. Starting on PND 63, mice had 2 h/day access to 6% and 10% ethanol solutions diluted in 0.05% saccharin and a third bottle with 0.05% saccharin solution. The amount of solution consumed by each animal was determined from PND 63 to PND 72 by weighing the bottles every day. All measurements were made during the dark phase between 1000 and 1200 hours. The fluid intake data were corrected for spillage using bottles that were identically handled and placed in an unoccupied home cage for the same period of time daily. Bottle positions were alternated daily. During all procedures, mice had free access to food and fluid was available at all times.
Operant ethanol self-administration procedure
Apparatus
An experimental panel was inserted into the middle of the home cage and affixed to the side walls with two thumb screws at the start of each session (Miczek and de Almeida 2001) . On the left and right sides of the panel, nose poke sensors were mounted 3 cm above the floor with stimulus lights 5 cm above. In the center of the panel, a cup for fluid delivery was located in a recess and connected to a syringe pump. A house light provided illumination (all devices were from Med Associates, St. Albans, VT, USA). The devices in the panel as well as the pump were controlled by a PC interface and associated Windows Med-PC software.
Acquisition and maintenance of ethanol self-administration
Initially, each nose poke response in one assigned hole (alternated between left and right sides) was reinforced with the delivery of 0.05 mL saccharin (0.05%) (fixed ratio schedule of reinforcement; FR1). After 4-6 days on FR1, Fig. 1 Time-line for maternal separation and alcohol self-administration procedures. Separation starts on PND 1 or the day after birth the requirement was increased gradually to FR3 in the course of daily 30-min sessions. All mice were kept on FR3 for four to six sessions before any alcohol was added to the solutions, as described below.
Three different sets of mice were used in this study; each set consisted of one MS and one AFR group (n=10-12 per group). One set of mice had only access to 0.05% saccharin solution throughout the whole experiment. To the other two sets of animals, alcohol was gradually added to the saccharin solution in 2% steps, up to 6% (second set of mice) or 10% (third set of mice). The daily experimental sessions were reduced to a length that allowed the animals to consume 1.0 g/kg ethanol with a maximal limit of 30 min/session, and similar fluid volume for the animals with access to saccharin only. Mice had free access to food and water at all times, except for the duration of the selfadministration sessions. Once mice reached their respective final alcohol solution (6% or 10%), they were maintained on that solution for 4-5 days before the next phase. In total, the acquisition/maintenance phase lasted 14-17 days for all groups. During maintenance, sessions were limited in dosage (1 g/kg alcohol), so that animals from both AFR and MS groups would have similar histories of alcohol exposure before the subsequent testing phases.
Progressive ratio schedule of reinforcement and unlimited intake
During exposure to a progressive ratio (PR) schedule of reinforcement, mice were allowed to self-administer the same solutions used for the maintenance phase: alcohol (6% or 10% in 0.05% saccharin) or saccharin (0.05%) for three sessions. The algorithm used for the progression of the ratio requirement was: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178… (Richardson and Roberts 1996) . The last completed ratio, which resulted in the final reinforcement delivery, was defined as the break point (Hodos 1961 ). The PR session ended when no reinforcement was obtained for a 60-min period. PR sessions occurred every other day, alternating with maintenance sessions in which animals selfadministered their respective solution on the FR3 schedule with a maximal limit of 1.0 g/kg of ethanol (or similar fluid volume for animals with access to saccharin) or 30 min/ session, whichever happened first. Break points were determined in three PR sessions for each mouse. After the PR sessions, a final FR3 session was carried out in which animals had 60 min access to their respective solution with unlimited intake.
Blood alcohol determination
At the conclusion of the study, an additional session limited to 1.0 g/kg ethanol was conducted. Fifteen minutes after the end of the session, animals were briefly anesthetized with isoflurane and approximately 0.1 mL blood was collected from the retroorbital venous sinus capillary bed. Plasma alcohol concentrations were measured using ultraviolet spectroscopy using a nicotinamide adenine dinucleotidealcohol dehydrogenase enzyme assay (Sigma Chemical, St. Louis, MO, USA), as previously described by Miczek and de Almeida (2001) .
Statistical analysis
Alcohol intake (in grams per kilogram) from the threebottle choice experiment was analyzed using three-way repeated-measures analyses of variance (ANOVA), considering the group (MS vs. AFR), solutions (6% vs. 10% alcohol), and days (grouped into two blocks of 5 days) as factors. Overall fluid intake (in milliliters per kilogram) was also analyzed with a similar three-way ANOVA with repeated measures with three levels for the fluid factor (saccharin, 6% and 10% alcohol). Results from the operant alcohol self-administration were analyzed using two-way ANOVA, considering solutions (saccharin, 6% or 10% ethanol) and group (MS vs. AFR) as independent factors. When significant main effects were observed in the global ANOVA (p<0.05), one-or two-way ANOVAs and/or Tukey post hoc tests were carried out. With an a priori hypothesis that significant group effects might differentially affect the intake of the different solutions offered, post hoc tests were performed in order to detect these specific effects, even in the absence of significant interactions between the factors. Results are portrayed as the means±standard error of means (SEM).
Results
No significant difference in body weight was observed between MS and AFR mice in both experiments.
Three-bottle choice
In order to simplify the analysis, the results from the threebottle choice experiment were pooled into two blocks of 5 days each (n=10 mice per group). Alcohol intake was analyzed in grams per kilogram body weight for the two different alcohol concentrations (6% and 10%) in two 5-day blocks (Fig. 2) . A three-way ANOVA with repeated measures detected significant group (F (1,18) =4.61; p< 0.05) and day-block differences (F (1,18) =6.13; p<0.05) with no significant effects for concentration or interactions between the factors, despite a tendency for a group×alcohol concentration interaction (F (1,18) =3.36, p=0.08). Maternally separated mice showed overall higher alcohol intake than AFR mice (p<0.05), and this effect was specific to the 10% alcohol solution (F (1,18) = 5.22; p< 0.05 for the group factor).
Overall, there was no group or day-block differences in total fluid intake (AFR=50.11±8.7 and 58.58±6.9 mL/kg; MS=63.53±7.11 and 71.64±8.8 mL/kg, in the two 5-day blocks, respectively). As shown in Table 1 , there were no group differences in terms of volume of fluid intake (in milliliters per kilogram body weight) of the three different solutions (0.05% saccharin, 6% or 10% alcohol in 0.05% saccharin). The three-way ANOVA with repeated measures detected significant effects for fluid (F (2,36) =3.49, p<0.05) and day-block (F (1,18) =8.79, p<0.01) with no interactions between the factors. Tukey post hoc tests failed to show significant differences for the intake of the fluids with only a trend for a lower intake of the 10% alcohol solution relative to the other two solutions (p=0.056 relative to saccharin, p=0.09 relative to the 6% alcohol solution). Overall, there was a higher fluid intake on the second dayblock relative to the first one (p<0.01).
When the percentage of volume consumed for each fluid over the total fluid intake was analyzed with a three-way ANOVA, there were no significant effects for group, fluid, day-blocks, or interactions between the factors, as shown in Table 1 .
Operant alcohol self-administration
After approximately 13 self-administration sessions (range 12-14 days), mice were reliably performing nose poke responses on an FR3 schedule of reinforcement and selfadministering the respective final testing solutions (6% or 10% alcohol in 0.05% saccharin or just 0.05% saccharin). During the last 3 days of maintenance, the sessions were terminated at 30 min or the equivalent to a 1.0 g/kg alcohol dose, whichever occurred first. During this phase, there were no differences in number of reinforcements or intake per session (milliliters per kilogram or grams per kilogram for alcohol solutions) between the groups. In the last 3 days of maintenance, saccharin-reinforced AFR mice obtained Fig. 2 Alcohol intake (grams per kilogram body weight) by MS and AFR mice using a three-bottle choice procedure, averaged over two 5-day blocks. Alcohol solutions were diluted in 0.05% (w/v) saccharin. MS maternal separation (gray bars), AFR animal facility rearing (white bars). *p<0.05 when compared to AFR group Table 1 Fluid intake (in milliliters per kilogram weight) and percentage of fluid/total fluid intake (in parenthesis) of MS and AFR mice using a three-bottle choice procedure for ten consecutive days with 2-h/day access to the solutions 0.05% saccharin 6% alcohol* 10% alcohol* Progressive ratio schedule of reinforcement Figure 3 shows the number of reinforcements obtained on a PR schedule of reinforcement in MS and AFR mice. The ANOVA did not detect significant effects for group, fluid, or interaction between factors. MS mice attained slightly higher, but statistically nonsignificant, break points at the 10% alcohol+saccharin solution relative to AFR mice.
Fluid intake on a 60-min unlimited dosage session
A two-way ANOVA detected an overall group effect on fluid intake [F (1,57) (F (1,19) =5.78, p<0.05) relative to AFR animals, as portrayed in Fig. 4 . Doses of alcohol achieved were based on an extrapolation from the number of reinforcements received by each animal, and no leftover fluid was observed in the delivery cup after termination of the session.
Blood alcohol determination
Blood alcohol concentrations were determined after a session with 1.0 g/kg alcohol intake for groups consuming 6% or 10% alcohol solutions. Since there were no significant differences detected by the ANOVA for group, fluid, or interaction between the factors, results were pooled together for both 6% and 10% solutions. AFR attained 55.7±6.7 mg/dL and MS reached an average of 47.1±7.5 mg/dL.
Discussion
Using a three-bottle choice procedure, we found that MS mice showed higher alcohol intake than AFR, especially at the higher alcohol concentration (10% alcohol solution). No differences between the groups were found for the other solutions (6% ethanol or 0.05% saccharin) or total fluid intake. The alcohol solutions were diluted in 0.05% saccharin, but there was no fading in or out of the alcohol/saccharin concentrations. In these conditions, mice promptly self-administered considerable amounts of alcohol (total of 2.0 g/kg/2-h session and above) within a short period of time, and differences between the AFR and MS were detectable within 10 days of exposure to the alcohol solutions. Even though differences in methodology and animal species were used, our results are in agreement with previous studies in rats showing that prolonged periods (>1 h/day) of maternal separation during the first weeks of life result in higher alcohol intake and/or preference in male adult rats Huot et al. 2001; Ploj et al. 2003; ; but see Jaworski et al. 2005 ). For instance, Huot et al. (2001) showed that adult rats maternally separated for 180 min/day from postnatal days 2-14 displayed higher alcohol intake than AFR rats, when 8% ethanol was offered in a sucrose solution. However, MS female rats do not seem to show enhanced alcohol consumption, suggesting gender-dependent effects of maternal separation Marmendal et al. 2004; Roman et al. 2004; . In mice, a recent study reported no major effects of maternal separation on alcohol intake in both male and female C57BL/6J mice, an alcohol-preferring strain (Advani et al. 2007) . In that study, only when MS female mice were exposed to the additional stress of postweaning Fig. 3 Maximum number of reinforcements achieved on a progressive ratio schedule of reinforcement ("break point") by MS and AFR mice trained to self-administer 0.05% saccharin, 6% alcohol in saccharin, or 10% alcohol in saccharin in operant conditioning panels social isolation there was a significant increase in ethanol preference, but this was not observed in males (Advani et al. 2007) .
Although most studies use two bottles for the free-choice procedure to assess alcohol intake in MS animals, we used three bottles instead (adapted from Gustafsson and Nylander 2006 ). Thus, it was possible to evaluate differences in intake and preference for different concentrations of alcohol between the MS180 and AFR mice. Although a clear alcohol preference was not detected in our study, differences between MS and AFR mice were particularly evident in intake of the solution with the highest concentration of alcohol (10%). In humans, consumption of high doses of alcohol usually precede the development of alcohol tolerance and dependence (Orr et al. 1997) . Despite the fact that high alcohol doses may promote aversion due to intoxication (Hansen et al. 1994; Richter and Campbell 1940) , the use of higher alcohol concentrations seemed to be more sensitive to detect enhanced vulnerability to alcohol intake in MS mice. The possibility exists that a decreased sensitivity to alcohol's aversive effects may have contributed for the increased intake of 10% alcohol solution observed in maternally separated mice.
Another critical feature in the present study was the use of limited access procedures to assess alcohol intake (as in Martinetti et al. 2006; Thanos et al. 2004 ). In rats, higher alcohol intake was found under limited access conditions (4 h/day) when compared to a continuous access condition (23 h/day) (Murphy et al. 1986 ). In C57BL/6J mice, a daily 2-h access period with 15% alcohol resulted in substantial intake that correlated well with blood alcohol levels achieved immediately after the session. Longer access periods may result in larger cumulative intake, but the relationship to resultant blood alcohol levels-and possibly to behavioral and pharmacological effects of alcohol-is not as tight (Lopez and Becker 2005; Middaugh et al. 2003) . In a preliminary study in our laboratory, the use of a continuous access (24 h/day) to three bottles yielded more variable and unreliable results regarding alcohol intake in outbred mice (data not shown). The use of limited (2 h) vs. 24-h access may be another critical difference between our study and that of Advani et al. (2007) , which did not report significant main effects of rearing conditions on alcohol intake with male or female C57BL/6J mice.
In the present study, an alternative approach to measure alcohol intake was used in parallel to bottle-drinking, making use of operant self-administration procedures. Operant drug-reinforced behavior in primates, rodents, and other species is considered to be a useful procedure to characterize drugs of abuse because nearly all drugs abused by humans have been found to be reinforcing in animals of various species (Griffiths et al. 1980; Johanson and Schuster 1980 ). An important advantage to bottle-drinking, the current operant conditioning procedures allow for precise control of volume delivered and consumed with virtually no spillage. Furthermore, different schedules of reinforcement were used (i.e., fixed and progressive ratio) that permit assessment of motivational (as in the PR schedule of reinforcement) and consummatory patterns of alcohol self-administration (such as in the 1-h access condition with unlimited dosage).
During operant alcohol self-administration, MS mice presented higher alcohol intake than AFR at the concentrations 6% and 10% during the 1-h session with no differences between MS and AFR in their intake of 0.05% saccharin solution. Although there was an overall increase in fluid intake by MS mice (in volume per kilogram) during this session, this seems unlikely to be a nonselective effect. Only the alcohol, but not saccharin, intake was significantly elevated in maternally separated mice with over 150% increases in intake of the 10% solution relative to AFR animals. No differences in the PR break points were found between MS and AFR mice for any of these solutions. Although the MS experience did not clearly change "motivational" aspects of alcohol reinforcement as indexed by the break point results, it affected the consummatory aspects, leading to increased alcohol consumption when animals were allowed to consume unlimited dosage for 1 h. To our knowledge, this is the first study that demonstrated increased operant alcohol self-administration while assessing consequences of maternal separation in adult mice.
In our study, the lack of differences in blood alcohol levels between AFR and MS mice after the consumption of a fixed 1.0 g/kg dose of alcohol suggests that alterations in the metabolism of alcohol are unlikely to account for the differences in intake observed. In rat studies, increased alcohol intake has been associated with long-term neural and neuroendocrine adaptations promoted by maternal separation. For instance, MS180 rats show increased responsiveness to the effects of citalopram, a selective serotonin uptake inhibitor, in suppressing the firing rate of neurons in the dorsal raphe nucleus (Arborelius et al. 2004) . Furthermore, treatment with paroxetine, another serotonin uptake inhibitor, reversed the increased anxiety-like behavior and increased alcohol consumption presented by MS rats (Huot et al. 2001) .
A significant modulation of HPA axis activity is proposed to occur as a function of short vs. prolonged periods of maternal separation (Plotsky and Meaney 1993; Pryce and Feldon 2003) . In general, prolonged MS procedures have been associated with increased corticotropin-releasing factor levels in hypothalamic and extrahypothalamic sites and exaggerated adrenocorticotropic hormone and corticosterone responses to a stressor (Lippmann et al. 2007; Plotsky et al. 2005; Plotsky and Meaney 1993 ; but see Roman et al. 2006) . Thus, future research will aim to identify neuroendocrine mechanisms associated with the enhancement of alcohol intake in MS mice.
Thus, in the present study, both operant self-administration and home cage bottle-drinking procedures detected increased alcohol intake in adult male mice which had been submitted to repeated maternal separation procedure for 3 h/day in the first 2 weeks of life. The current results support the hypothesis that early life stress may be a risk factor for the development of increased alcohol consumption and abuse for males, in agreement with human and nonhuman primate studies (Higley et al. 1996; Kendler et al. 2000; Veijola et al. 2008) . The current results further validate the use of mice in maternal separation studies, confirming this procedure as a model of early environmental influence on alcohol intake in adulthood (Huot et al. 2001; Matthews and Robbins 2003; Ploj et al. 2003; .
